Abstract-A steerable in-pipe robot based on screw drive is proposed for curved pipes and T-pipes. The robot with only two motors is composed of the drive mechanism and steering mechanism. The design principles of the robot are analyzed based on the kinematic and statics models. The spring parameters of the elastic arms are selected in consideration of the stability of steering motion. Then the steering locomotion control strategy in curved and T-pipes is given based on a simplified planar connecting rod model. In order to select a proper posture to turn, a posture adjustment strategy making full use of the pipe constraint is also proposed. The simulation results show that the proposed robot can pass through the curved pipes and T-pipes, and adjust the posture by the proposed control strategies.
I. INTRODUCTION
Pipelines are widely applied in the transportation of energy and industrial materials. Long straight pipes are the main types for petroleum and natural gas transportation. Curved pipes and T-pipes are used in quantity for turning and shunting in complex industrial systems. However, the applications of pipes bring potential safety hazards. In recent years, more and more pipe accidents have happened due to ageing, corrosion or other reasons. Therefore, the regular inspection of the pipe faults is necessary. Manual inspection way is time-consuming and dangerous due to the internal hazardous substance of pipes. Many researchers develop kinds of in-pipe and out-pipe robots to inspect the pipe faults.
Generally, in-pipe robots have a wider range of applications, and are more efficient than the out-pipe robots. The inpipe robots can be divided into seven types: the PIG type [1] , the wheeled type [2] , the screw drive type [3] , the crawler type [4] , the worm type [5] , the snake-like type [6] , and the walking type [7] . The PIG type robots are pushed forward by the liquid in the pipes. The wheeled type robots have high motion efficiency and can adapt to varied pipes. The crawler type robots usually have good traction capacities with tracks but consume much energy. The worm type robots are adaptive to small pipes, but the motion efficiency is low. The snakelike robots and walking robots have complex mechanisms and control methods due to the multiple joints. The screw drive type robots with passive rollers have good motion efficiency and simple structures.
So far, kinds of screw drive in-pipe robots have been developed and the parameter design methods of the robots are proposed [8] - [10] . The screw drive in-pipe robots have a simple transmission mechanism with only one motor, which is easy for microminiaturization design. However, it is difficult for the screw drive in-pipe robots to pass through the curved pipes and T-pipes due to the lack of an active steering capacity. Nishimura et al develops a robot with the pathway selection mechanism which can move in the T-branches [3] . Although this robot has only two motors, the transmission mechanism is relatively complex.
Therefore, this paper intends to propose a new solution of the screw drive in-pipe robot that can pass through curved pipes and T-pipes with no more than two actuators. This paper will propose the design principles of a steerable screw drive in-pipe robot in Section II. Then in Section III, the control strategies for steering and posture adjusting are proposed. In Section IV, the simulation results verify the validity of the proposed robot and control strategies. The conclusions are listed in Section V.
II. DESIGN PRINCIPLES OF STEERABLE IN-PIPE ROBOT
A. Structure overview The robot must keep continuous drive forces especially in the entrance of branches. Otherwise, the robot will sink into the branch entrance. When the robot meets a branch, the active pathway selection capacity can help the robot select a destination directory and steer. Generally, multiple actuators are added on the robot to improve the continuous drive force. And an active steering mechanism with two actuators are adopted to change pathway. More actuators mean more complex mechanisms and more energy consumption. Therefore, it is necessary to develop a steerable robot with a simple design in consideration of the special in-pipe environment constraints.
We propose a steerable screw drive in-pipe that makes full use of constraint forces of the pipe. Fig. 1 shows the overview of the robot that is composed of the drive mechanism and steering mechanism. The drive mechanism is designed based on the screw drive principle with six elastic arms. The steering mechanism is designed similarly as that of the tricycle with two elastic arms that can be rotated around the axis of arms. The drive mechanism is controlled by a motor equipped on the steering mechanism. The passive rollers are pressed onto the inner wall of the pipe by the elastic arms. The elastic arms also allow the robot to adapt to the pipes with different diameters or changed structures in irregular pipes. The rollers are placed with a fixed inclining angle α as shown in Fig. 2 . When the motor rotates, the robot can obtain the drive force from the frictional effects of rollers with the inner wall [8] . The velocity relationship of each roller is expressed in Fig. 2 . The motion velocity denoted as v can be calculated by:
B. Design of drive mechanism
where R is the radius of the pipe,θ is the rotation velocity of the motor.
C. Steering mechanism
The steering mechanism is controlled by a miniwatt motor. Similarly as steering of the tricycle, the rolling direction of the rollers can be changed around the axis of the corresponding elastic arm. Abreast arrangement of rollers in each elastic arm makes the steering mechanism more stable than the single arrangement. The abreast arrangement of rollers is also advantageous to decrease the torque of rotating arms. As shown in Fig. 3 , the motor transfers the power through a pair of When the rolling direction of the rollers is parallel to the axis of the robot, the robot moves forward in a straight line. When the rolling direction of the rollers forms an included angle relative to the axis of the robot, the robot can steer to the rolling direction.
D. Design of spring parameters
The spring parameters influence the traction capacity and the steering stability. We will design the spring stiffness and initial length of the elastic arms in the steering mechanism and drive mechanism, respectively. There are two factors that should be considered in the design of the spring parameters. One is that the robot should climb in the vertical pipe. The other is that the steering mechanism of the robot should keep stable without rotation in the steering motion.
As shown in Fig. 4 , the drive torque of the drive mechanism is denoted as τ r , and G is the gravity of the robot. The normal friction between each roller on the drive mechanism and the pipe is denoted as f rn . R is the radius of pipe. α is the inclining angle of rollers. Based on the force equilibrium relationship, there exist three equations as follows:
where f rn,max is the maximum of normal friction and can be calculated by:
where µ is the friction coefficient, k r is the stiffness coefficient of the spring, and l r0 is the initial length of the spring.
Therefore, the parameters of the spring in the drive mechanism should be satisfied with Eqs. (2-4) . The drive torque can be calculated by:
In Fig. 4 , β is the steering angle, τ f is the counter-acting torque, and the normal friction between each roller on the drive mechanism and pipe is denoted as f f n . Based on the force equilibrium relationship, there exist three equations as follows:
where f f n,max is the maximum of normal friction and can be calculated by:
where k f is the stiffness coefficient of the spring, and l f 0 is the initial length of spring. Therefore, the steering angle β has the relation below:
When Eq. (11) is satisfied, the steering motion is stable.
III. LOCOMOTION CONTROL STRATEGY

A. Steering angle planning
The robot needs to steer by controlling the steering angle in two kinds of pipes that are the curved pipes and T-pipes. As shown in Fig. 5 , a T-pipe can be regarded as the combination of two curved pipes. Therefore, the steering movement in the T-pipe and curved pipe can both be regarded as that in the curved pipe. The strategy we adopted here is that the steering rollers are planned to move along the axis of the pipe all the time. The motion trajectories of the rollers mounted on the drive mechanism are passively determined by the environment constraint force. The coordinate of the point on the pipe boundaries can be expressed as:
, x < 0, y > 0 (12) where R c is the curvature radius of pipe.
We take situation 2 as an example. When the robot arrives at point A, the steering angle is β. The vectors can be represented as:
where ϕ B and y B are the unknown variables.
Then we can obtain the following equations:
Based on the geometrical relationship, the β can be got by:
Through the above method, we can obtain the planning curve of steering angle. Obviously, the planning curve is influenced by the geometrical sizes of the pipes.
B. Posture adjustment strategy
When the robot meets a curved pipe or a T-pipe, it is usually necessary for the robot to adjust the posture in order to utilize the above steering strategy. We make use of the constraint force relationship by changing the steering angle. From Eq. (11), we can conclude that the constraint force equilibrium is broken and the steering mechanism rotates due to the counter-acting torque of the drive mechanism when the steering angle increases to some extent. And the steering mechanism will rotate with the steering angle of 90 degree no matter how the other parameters are chosen. Therefore, the posture adjustment strategy can be described as follows:
(a) The steering angle is firstly adjusted to 90 degree as shown in Fig. 7(a) ; (b) Then the drive motor rotates. But the drive mechanism will stand still because the steering mechanism can not provide enough counter-acting torque; (c) The steering mechanism rotates until the expected posture is obtained as shown in Fig. 7(b) ; (d) Stop the drive motor and reset the steering angle.
IV. SIMULATION EXPERIMENTS
The simulations are operated in the ADAMS software. A simulation environment is established as shown in Fig. 8 . The robot moves in a pipe composed of the straight pipe, curved pipe of 90 degree and T-pipe. The parameters of the robot and pipe is listed in Table 1 . The pipes are placed horizontally and the gravity is considered in the simulations. The contact constraints are added between the wheels and the inner wall of the pipes. The frictions adopt the Coulomb friction model. We have completed three simulations to verify the locomotion strategies of the robot. 
A. Posture adjustment test
In a straight pipe, the drive mechanism stops working and the motor in the steering mechanism rotates at a speed of π/2 rad/s for the time of 1 s. Then the steering angle is 90 degree. When the drive mechanism works, the steering mechanism will rotate wholly. Until the desired posture is obtained, the drive mechanism stops working and the steering angle sets back to 0 degree. As shown in Fig. 9 , the simulation results prove that the posture adjustment strategy is valid. 
B. Steering locomotion test
Considering the geometrical parameters of the pipe and the robot, we can obtain the planned steering angles by Eq. (15). With the planned steering angles, we complete the tests of the robot passing through the curved pipe and T-pipe. The simulation results in Fig. 10 and Fig. 11 show that the robot can pass through the curved pipe faster with the planned steering angles than that without planning. The simulation in Fig. 12 shows that the robot can straightly pass through the T-pipe. Although the motion is not very stable, the robot can move on by the two groups of elastic arms with continuous drive force. The robot can also steer in a T-pipe with the planned steering angles as shown in Fig. 13 . However, the locomotion in T-pipes is not always successful because the steering mechanism is easily overturned in the entrances of branches as shown in Fig. 14. In the central zone of the branches, the constraint force of pipe is not stable. Consequently, the steering mechanism is easy to rotate due to the roller slipping. Therefore, the steering locomotion in T-pipes can not success every time. This paper proposes a steerable in-pipe robot for curved pipes and T-pipes based on screw drive principle. Based on a simplified planar connecting rod model, a steering locomotion strategy is proposed. By the pipe constraint, a posture adjustment strategy is given. The simulation results prove the validity of the proposed robot and locomotion control strategies. In the future researches, we will improve the design in order to make the robot move in T-pipes more steadily. 
